Introduction
============

Gastric cancer (GC) is the fourth most prevalent cancer and the second most common cause of cancer-related deaths throughout the world ([@b1-ijo-43-05-1627]--[@b3-ijo-43-05-1627]). The prognosis of gastric cancer patients is generally poor with an overall 5-year survival of only ∼30--40% after radical resection. Current combination therapies with oxaliplatin and 5-fluorouracil carry limited efficacy but have the potential for considerable side effects ([@b4-ijo-43-05-1627]--[@b7-ijo-43-05-1627]). Development of chemoresistance is a common clinical phenomenon even in patients who have an initial positive clinical response to chemotherapy ([@b8-ijo-43-05-1627]). Nanoparticle albumin-bound (nab) paclitaxel is a novel albumin-stabilized, cremophor-free and water-soluble nanoparticle formulation of paclitaxel ([@b9-ijo-43-05-1627]). Clinical and experimental studies demonstrated that compared with solvent-based paclitaxel, nab-paclitaxel had higher tumor retention, lower toxicity ([@b10-ijo-43-05-1627],[@b11-ijo-43-05-1627]) and more potent antitumor effects on ovarian cancer, melanoma, non-small cell lung carcinoma (NSCLC), breast cancer and pancreatic cancer ([@b12-ijo-43-05-1627]--[@b16a-ijo-43-05-1627]). We recently demonstrated that nab-paclitaxel showed stronger antitumor effects in experimental gastric cancer than contemporary commonly used cytotoxic agents such as oxaliplatin, epirubicin and docetaxel ([@b16b-ijo-43-05-1627]). However, the greatest clinical tumor response rate to nab-paclitaxel is typically only 30--35% as seen in breast cancer ([@b10-ijo-43-05-1627]) and incomplete responsiveness to nab-paclitaxel has also been observed in some tumors in our study. Thus, delineating the mechanism that restricts response and drives tumor resistance to nabpaclitaxel is important to improve its antitumor efficacy and explore more effective combination therapies.

The phosphatidylinositol-3-kinase (PI3K) and mammalian target of rapamycin (mTOR) signaling pathways play a central role for many tumor types in tumor cell proliferation, motility, invasion, metabolism and survival ([@b17-ijo-43-05-1627]). A deregulated PI3K pathway is frequently encountered in gastric cancer ([@b18-ijo-43-05-1627],[@b19-ijo-43-05-1627]) and it appears to play an important role in the aggressive nature of this disease while perhaps contributing to the lack of susceptibility to cytotoxic chemotherapy. Approximately 10% of gastric cancer patients carry a PIK3CA mutation, 20% a KRAS mutation and \<2.7% a BRAF mutation ([@b20-ijo-43-05-1627],[@b21-ijo-43-05-1627]). These mutations can activate PI3K and can lead to the activation of Akt via phosphorylation at Thr308 through PDK1 or/and at Ser473 through the mTOR associated with Rictor (the mTORC2 complex) ([@b9-ijo-43-05-1627]). Activated Akt regulates key downstream effectors including mTOR associated with Raptor (mTORC1 complex), p70 S6 kinase and 4E-BP1 ([@b10-ijo-43-05-1627]). Rapamycin and its analogous inhibit mTORC1 signaling and activate Akt signaling via mTORC2 related negative feedback loop. Thus, the combined inhibition of both PI3K and mTOR might be necessary for effective treatment of cancer.

NVP-BEZ235 (BEZ235), a novel dual PI3K/mTOR inhibitor and a synthetic small molecule of the class of imidazoquinolones, inhibits the catalytic subunit p110a of PI3K by competing at its ATP binding site and other class 1 PI3K enzymes and also inhibits the catalytic activity of mTOR ([@b22-ijo-43-05-1627],[@b23-ijo-43-05-1627]). It was recently reported to mediate some anti-tumor effects in experimental pancreatic cancer ([@b17-ijo-43-05-1627]), breast cancer ([@b24-ijo-43-05-1627]) and gastric cancer ([@b25-ijo-43-05-1627]). Phase I and II clinical trials of BEZ235 are currently under investigation in different solid tumors.

Nab-paclitaxel is a microtubule-stabilizing cytotoxic agent which causes mitotic arrest leading to cell death. Mechanisms of tumor resistance to taxanes are complicated and not completely elucidated. The Akt and mTORC1 pathways have shown to be activated after paclitaxel treatment ([@b26-ijo-43-05-1627]--[@b28-ijo-43-05-1627]). Inhibition of PI3Ks has been shown to sensitize tumors to paclitaxel, implying that PI3K inhibitors can regulate cell death in the presence of mitotic arrest ([@b28-ijo-43-05-1627]--[@b30-ijo-43-05-1627]). PI3K inhibitors could lead to an increase in lagging chromosomes, prolonged cell cycle arrest and cell death in prometaphase, while promoting nocodazole-induced mitotic cell death and reducing mitotic slippage ([@b31-ijo-43-05-1627]). These results implied a mechanism of taxane-resistance associated with activation of the PI3K/mTOR pathway and provided a rationale for the evaluation of PI3K/mTOR inhibitors in combination with anti-mitotic drugs in order to improve cancer treatment outcomes.

In this study, we identified whether BEZ235 can down-regulate activation of Akt and mTOR in gastric cancer *in vivo* or *in vitro*. We also evaluated antitumor efficacy of BEZ235 alone and in combination with nab-paclitaxel in an attempt to determine a more effective gastric cancer therapeutic strategy.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Human gastric cancer cell lines SNU16, NCI-N87 and AGS were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were cultured in RPMI-1640 medium (Sigma Chemical Co. St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS) in a humidified 5% CO~2~ atmosphere at 37°C. BEZ235 was purchased from LC Laboratories (Woburn, MA, USA) and nab-paclitaxel was purchased from Abraxis BioScience (Los Angeles, CA, USA). BEZ235 was dissolved in 1:9 NMP and PEG300. The cell proliferation reagent WST-1 was purchased from Roche Diagnostic Corp. (Indianapolis, IN, USA).

Cell viability assay
--------------------

Cell viability was evaluated by the colori-metric WST-1 assay. The measurement is based on the ability of viable cells to cleave the sulfonated tetrazolium salt WST-1 (4-\[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio\]-1,3-benzene disulfonate) by mitochondrial dehydrogenases ([@b32-ijo-43-05-1627]). Gastric cancer cells (5,000 cells per well) were plated in a 96-well plate in regular growth medium and were treated with BEZ235, nab-paclitaxel, either alone or in combination at the ratio of their IC~50~ values (a series of 2-fold dilutions from 8 to 0.0625 times of IC~50~) after 16-h incubation. After an incubation of 72 h, 10 *μ*l of WST-1 reagent was added in each well followed by an additional incubation for 2 h. The absorbance at 450 nm was measured using a microplate reader.

Median-effect analysis
----------------------

Median-effect analyses were performed for combination assays of BEZ235 and nabpaclitaxel treatment according to the method of Chou and Talalay ([@b33-ijo-43-05-1627]). Combination index (CI) values were plotted at each fraction affected (Fa) using CalcuSyn software (Biosoft) developed by Chou and Talalay. The CI is measured as a function of cells affected by the combined cytotoxic effect. A CI\>1.1 indicates antagonism, while CI=0.9--1.1 indicates additivity and CI\<0.9 indicates synergism.

Immunocytochemical analysis
---------------------------

Gastric cancer cells (1×10^5^ cells per chamber) were plated in a 4-chamber slide in regular growth medium. After 24-h culture, cells were treated with nab-paclitaxel for 16 h and then fixed in 4% paraformaldehyde. Cells were then incubated with CAS blocking buffer followed by 1-h incubation with phospho-mTOR and phospho-4E-BP1 antibody (1:100) and 40-min incubation with Cy3 (1:200 dilution) secondary antibody. Slides were mounted using mounting solution containing 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA, USA). Fluorescence microscopy was used to detect fluorescent signals using the IX81 Olympus microscope equipped with a Hamamatsu Orca digital camera (Hamamatsu Corp., Bridgewater, NJ, USA).

Western blot analysis
---------------------

Subconfluent monolayers of cells were treated with BEZ235, nab-paclitaxel, either alone or in combination. Cell lysates and tumor lysates were obtained as previously described ([@b34-ijo-43-05-1627]). Supernatants were recovered by centrifugation at 13,000 rpm, protein concentrations were measured and equal amounts of total protein were separated by SDS-PAGE. Proteins were transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA) and the membranes were blocked for 1 h in TBS-T. The membranes were incubated overnight at 4°C with the following antibodies: p-Akt (Ser473), total Akt, p-mTOR (Ser2448), total mTOR, p-p70 S6K (Thr389), total p70 S6K, p-4E-BP1 (Thr37/46), total 4E-BP1, cleaved PARP-1, cleaved caspase-3 (all from Cell Signaling Technology, Beverly, MA, USA) and β-actin (Sigma, St. Louis, MO, USA). The membranes were then incubated with the corresponding HRP-conjugated secondary antibodies (Pierce Biotechnologies, Santa Cruz, CA, USA) for 1 h. Specific bands were detected using the enhanced chemiluminescence reagent (ECL, Perkin-Elmer Life Sciences, Boston, MA, USA) on autoradiographic film.

Subcutaneous tumor growth study
-------------------------------

All animal experiments were carried out in accordance with the guidelines and approved protocols of the University of Texas Southwestern Medical Center (Dallas, TX, USA) Institutional Animal Care and Use Committee (permit no. 2012-0081). Each animal was monitored daily throughout the experiment for any sign of distress. Female NOD SCID mice (6--8 weeks) were used for comparative modeling of subcutaneous tumor growth. Gastric cancer cells (20×10^6^ SNU16 cells) were subcutaneously injected into flank of each mouse. Mice were weighed twice a week. Fourteen days after tumor cell injection, all mice had measurable tumor with an average tumor size of 100--150 mm^3^. At this time-point, the animals were randomly grouped (n=6--8 per group) and treated intraperitoneally with PBS (control), BEZ235 (10 mg/kg, 3 times a week), nab-paclitaxel (10 mg/kg in 100 *μ*l PBS, 2 times a week), or BEZ235 (10 mg/kg, 2 times a week) combined with nab-paclitaxel (10 mg/kg in 100 *μ*l PBS, 2 times a week) for 14 days. The tumor size was measured twice weekly via caliper and tumor volume (V) was calculated by using the formula: V = ½ \[L × (W)^2^\], L = length and W = width. Relative tumor volume (RTV) was determined according to the formula RTV = V~n~/V~0~ where V0 represents the tumor volume at day 0 and V~n~ represents the tumor volume as measured after an interval of n days, respectively. Net growth in tumor size for each mouse was calculated by subtracting tumor volume on the first treatment day from that on the last day. After completion of treatment, all mice were euthanized with CO~2~ and tumors were excised, weighed and processed for histological, immunohistochemical and western blot analyses.

Immunohistochemical analysis
----------------------------

Tumor tissue specimens were fixed in 4% paraformaldehyde and embedded in paraffin. Paraffin-embedded tissue sections were cut (5 *μ*m), deparaffinized, rehydrated and antigen retrieved. The tissue sections were incubated with CAS blocking buffer followed by 1-h incubation with 1:200 dilution of primary Ki67 (Abcam, Cambridge, MA, USA) or p-mTOR or p-4E-BP1 antibody (1:200) and 40-min incubation with Cy3 (1:200 dilution) secondary antibody. Slides were mounted using mounting solution containing DAPI (Invitrogen). Intratumoral apoptotic activity was evaluated by staining tissue sections with 'ApopTag Apoptosis Detection kit' according to the manufacturer's (Millipore) instructions. Fluorescence microscopy was used to detect fluorescent signals using the IX81 Olympus microscope equipped with a Hamamatsu Orca digital camera (Hamamatsu Corp.) and a DSU spinning confocal unit using Slidebook software (Intelligent Imaging Innovations, Philadelphia, PA, USA). Intratumoral proliferative index and apoptotic index were evaluated by calculating positive cells in five high-power fields (HPF) per sample in a blinded manner.

Animal survival analysis
------------------------

Animal survival studies were performed using 6- to 8-week-old female SCID mice ([@b35-ijo-43-05-1627]). The mice were intraperitoneally injected with SNU16 (40×10^6^) cells and body weight was measured twice a week. Two weeks after tumor cell injection mice were randomly grouped (6 to 7 mice per group) and treated intraperitoneally with PBS (control), BEZ235 (10 mg/kg, 2 times a week), nab-paclitaxel (10 mg/kg in 100 *μ*l PBS, 2 times a week), or BEZ235 (10 mg/kg, 2 times a week) combined with nab-paclitaxel (10 mg/kg in 100 *μ*l PBS, 2 times a week) for 2 weeks. Animal suffering was minimized by euthanizing when turning moribund according to predefined criteria including rapid weight loss or gain (\>15%), failure to eat or drink, lethargy, or inability to remain upright. Animal survival was evaluated from the first day of treatment until death.

Statistical analysis
--------------------

GraphPad Prism 5 Software (GraphPad Software, San Diego, CA, USA) was used for analysis. Statistical analyses were performed by ANOVA for multiple group comparison and Student's t-test for the individual group comparison. Survival group comparison was performed via log-rank test within a Kaplan-Meier type analysis. Values of p\<0.05 were considered to represent statistically significant differences.

Results
=======

Nab-paclitaxel increases phosphorylation of mTOR and 4E-BP1 in cultured gastric cancer cells and in gastric tumors in vivo
--------------------------------------------------------------------------------------------------------------------------

Nab-paclitaxel treatment increased expression of p-mTOR and p-4E-BP1 in cultured SNU16 cells ([Fig. 1A](#f1-ijo-43-05-1627){ref-type="fig"}) and in SNU16 tumor tissues as observed by immunostaining ([Fig. 1B](#f1-ijo-43-05-1627){ref-type="fig"}). Western blot analysis results showed that nab-paclitaxel caused phosphorylation of mTOR and 4E-BP1 in a time-dependent manner ([Fig. 1C and D](#f1-ijo-43-05-1627){ref-type="fig"}). Similar results were observed in NCI-N87 cells and xenograft tumor tissues (data not shown).

BEZ235 and nab-paclitaxel act additively in inhibiting gastric cancer cell proliferation
----------------------------------------------------------------------------------------

The cell proliferation inhibitory activity of BEZ235 and nab-paclitaxel in gastric cancer cells was measured using the WST-1 assay. BEZ235 and nab-paclitaxel inhibited cell proliferation in a dose-dependent manner. The IC~50~ of BEZ235 and nab-paclitaxel was 103 and 10 nM in SNU16, 18 and 99 nM in NCI-N87 cells and 35 and 39 nM in AGS, respectively ([Fig. 2A and B](#f2-ijo-43-05-1627){ref-type="fig"}). Median-effect analysis of BEZ235 in combination with nab-paclitaxel in SNU16, NCI-N87 and AGS cells is shown in [Fig. 2C](#f2-ijo-43-05-1627){ref-type="fig"}. Combination index (CI) values were \<1.1 in SNU16 (except at the affected fraction level of 0.25), NCI-N87 and AGS cells, indicating the combinational effects of BEZ235 and nab-paclitaxel are synergistic to antagonistic in SNU16 cells and synergistic to additive in NCI-N75 and AGS cells ([Fig. 2C](#f2-ijo-43-05-1627){ref-type="fig"}).

BEZ235 blocks PI3K/mTOR signaling proteins and induces apoptosis
----------------------------------------------------------------

The effect of BEZ235 on the PI3K/mTOR signaling pathway was investigated using SNU16, NCI-N87 and AGS gastric cancer cell lines. Immunoblot analysis revealed that BEZ235 blocked the expression of p-Akt, p-mTOR and phosphorylation of the downstream signaling proteins p70 S6K and 4E-BP1 in all three cells lines, while nab-paclitaxel increased phosphorylation of all these proteins in SNU16 and NCI-N87 cells. For AGS cells, nab-paclitaxel treatment increased expression of p70 S6K and 4E-BP1 but not of p-Akt and p-mTOR. BEZ235 in combination with nab-paclitaxel also blocked the expression of p-Akt and p-mTOR and phosphorylation of p70 S6K and 4E-BP1 in all three cells lines. The effect of BEZ235 on chemotherapy-induced apoptosis was also evaluated by analyzing cleavage of caspase-3 and PARP-1 proteins as markers of apoptosis. BEZ235 and nab-paclitaxel as single agent induced expression of cleaved caspase-3 and PARP-1, while the combination of BEZ235 with nab-paclitaxel led to additive effects on induction in cleavage of these apoptosis related proteins ([Fig. 3](#f3-ijo-43-05-1627){ref-type="fig"}).

BEZ235 inhibits growth of SNU16 xenografts and enhances nab-paclitaxel antitumor response
-----------------------------------------------------------------------------------------

*In vivo* antitumor effects of BEZ235 were evaluated in a murine xenograft model using SNU16 cells. BEZ235 significantly inhibited the growth of SNU16 xenografts over the treatment time course of 14 days. Treatment of SNU16 tumor-bearing mice with BEZ235 resulted in statistically significant net tumor growth inhibition of 45.1% (p=0.0089), compared with the PBS treated control group ([Fig. 4A and B](#f4-ijo-43-05-1627){ref-type="fig"}). The evaluation of nab-paclitaxel alone treatment in this model resulted in net tumor growth inhibition of 77.9% (p=0.0011), compared with control. The combination treatment of SNU16 tumor-bearing mice with BEZ235 and nab-paclitaxel resulted in a 97% inhibition in net tumor growth (p\<0.0001), compared with control group ([Fig. 4A and B](#f4-ijo-43-05-1627){ref-type="fig"}). Statistical analysis revealed that the difference in net tumor growth inhibition in the combination group was statistically significant compared with the nab-paclitaxel monotherapy (p= 0.034) or BEZ235 monotherapy (p\<0.0001). No significant change in mouse body weight was observed after BEZ235, nab-paclitaxel or combination therapy.

Mechanisms of antitumor activity of BEZ235, either alone or in combination with nab-paclitaxel, were further examined by western blot analysis of protein lysates from SNU16 xenografts. BEZ235 treatment caused a significant decrease in expression of p-mTOR, p-Akt and p-4E-BP1. Evaluation of intratumoral apoptosis by analyzing expression of cleaved caspase-3 and cleaved PARP-1 proteins revealed that BEZ235 and nab-paclitaxel both induced cleavage of caspase-3 and PARP-1 and that combining these two agents had additive effects on cleavage of these apoptosis related proteins ([Fig. 4C](#f4-ijo-43-05-1627){ref-type="fig"}).

BEZ235 inhibits intratumoral proliferation, induces apoptosis and enhances nab-paclitaxel response
--------------------------------------------------------------------------------------------------

Investigation of mechanisms of the antitumor activity of BEZ235 by immunohistochemical analyses of tumor tissues revealed that the tumors of BEZ235 treated mice presented a decreased tumor cell proliferation rate ([Fig. 5A](#f5-ijo-43-05-1627){ref-type="fig"}). Intratumoral proliferative index decreased by 65.1% (p=0.0003) in the BEZ235 treated group as compared to the control group. Nab-paclitaxel mono-therapy caused a 84.8% decrease in intratumoral proliferative activity compared with controls (p\<0.0001). The combination of BEZ235 and nab-paclitaxel resulted in a 95% decrease in intratumoral proliferation compared with the control group (p\<0.0001). The decrease in the intratumoral proliferative index in the combination treatment group was significantly higher than that after BEZ235 monotherapy (p=0.008), but not than that after nab-paclitaxel monotherapy (p=0.076).

Examination of intratumoral apoptosis in tumor tissues after BEZ235 and nab-paclitaxel treatment revealed that the increase in the apoptotic index was 5.1-fold in the BEZ235 monotherapy group (p=0.037) and 5.7-fold in the nabpaclitaxel treated group (p=0.032), compared with controls. The combination of BEZ235 and nab-paclitaxel had additive effects and a 13.2-fold enhanced intratumoral apoptosis was observed (p=0.004) compared to controls; this enhancement was statistically different from BEZ235 (p=0.006) or nabpaclitaxel (p=0.011) therapy alone ([Fig. 5B](#f5-ijo-43-05-1627){ref-type="fig"}).

BEZ235 treatment enhances nab-paclitaxel survival benefits
----------------------------------------------------------

In an SNU16 murine peritoneal xenograft study, median survival of SCID-NOD mice was 23 days in the control group ([Fig. 6](#f6-ijo-43-05-1627){ref-type="fig"}). This median survival of mice was increased after BEZ235 treatment to 26.5 days (p=0.227 versus control group). Nab-paclitaxel monotherapy increased median survival to 90.5 days (p=0.0012 versus control group). Combination treatment with BEZ235 and nab-paclitaxel imposed additional effects on animal survival, as the median survival was prolonged to 97 days. Overall survival after combination therapy was significantly greater than that of the control group (p=0.0004) or the monotherapy groups (p=0.0022 versus nabpaclitaxel group and p=0.0005 versus BEZ235 group).

Discussion
==========

Gastric cancer represents a formidable treatment challenge as it frequently presents with metastatic disease upon diagnosis and a resulting high failure risk ([@b36-ijo-43-05-1627]--[@b38-ijo-43-05-1627]). Traditional double or triple cytotoxic chemotherapy regimens have limited therapeutic effects, but some considerable clinical side effects and a propensity towards the development of chemoresistance ([@b39-ijo-43-05-1627],[@b40-ijo-43-05-1627]). We recently demonstrated that nab-paclitaxel has significantly stronger antitumor effects on gastric cancer *in vitro* and *in vivo* than other traditional cytotoxic compounds. The present study shows that nab-paclitaxel treatment increased phosphorylation of mTOR, Akt, p70 S6K and 4E-BP1 and that the novel dual PI3K/mTOR inhibitor BEZ235 was able to downregulate PI3K/mTOR signaling proteins either alone or in combination with nab-paclitaxel. BEZ235 inhibited cell proliferation *in vitro* and *in vivo* and still enhanced the already considerable antitumor response of nab-paclitaxel in gastric cancer xenografts. These data provide a rationale for combining BEZ235 and nab-paclitaxel therapies to sustain therapeutic benefits.

As discussed earlier, a deregulated PI3K pathway is frequently encountered in gastric cancer and can be considered one potentially targetable molecular driver of malignant progression. A recent study found that the dual PI3K/mTOR inhibitor BEZ235 reduced growth of NCI-N87 but not MKN45 and MKN28 gastric cancer xenografts, while tumor growth control did not correlate with PI3K/mTOR inhibition but thymidine kinase1 expression ([@b25-ijo-43-05-1627]). BEZ235 was also found to be more effective against PIK3CA mutated AGS cells than the PIK3CA wild-type gastric cancer cells NCI-N87 and MKN-45 ([@b41-ijo-43-05-1627]). For clinical solid tumor, the response rate was significantly higher for patients with PIK3CA mutations treated with PI3K/Akt/mTOR pathway inhibitors than for those without documented mutations ([@b42-ijo-43-05-1627]). In the present study, BEZ235 turned out to be effective in inhibiting cell proliferation for all three human gastric cell lines, although SNU16 cells appeared to be less sensitive to BEZ235 than NCI-N87 or AGS cells. Irrespective of the *in vitro* responses, local tumor growth control and mouse survival studies demonstrated that BEZ235 monotherapy showed measurable effects in SNU16 xenograft models that correlated with intratumoral proliferative and apoptotic activity. Although, compared to nab-paclitaxel alone, the combination of BEZ235 with nab-paclitaxel is observed to increase mouse survival significantly, the median survival time is only slightly different than nab-paclitaxel alone, which might be due to the relatively high dose of nab-paclitaxel used or the relatively short duration of therapy. The cooperative interaction of nab-paclitaxel and BEZ235 may change by adjusting doses of each agent *in vivo*. From the results of BEZ235 obtained in SNU16 tumors we extrapolate that it should be effective also in NCI-N87 and AGS tumors. BEZ235, alone or in combination, blocked PI3K/mTOR pathway proteins in these three gastric cancer cell lines *in vitro* and in SNU16 xenograft tumor tissues. These findings support the expectation that the *in vivo* antitumor effects of BEZ235 are associated with inhibited functional activity of Akt, mTORC1 and mTORC2 and the related decrease in cell proliferation and induction of apoptosis in gastric cancer cell lines.

Classic anti-mitotic agents induce cancer cell death mainly through interfering with spindle assembly or disassembly and by thus increasing mitotic arrest. However, cancer cells can evade mitotic arrest before cell death, a mechanism that reduces the efficacy of conventional anti-mitotic drugs ([@b43-ijo-43-05-1627]). A number of different groups have demonstrated that solvent-based paclitaxel activates Akt and mTORC1 signaling ([@b26-ijo-43-05-1627],[@b27-ijo-43-05-1627]). Knocking down mTOR by shRNA decreased paclitaxel-induced Akt phosphorylation at Ser473 but not at Thr308 and it also caused CaOV3 ovarian cancer cells to become more sensitive to paclitaxel ([@b30-ijo-43-05-1627]). Inhibition of PI3Ks promoted mitotic cell death, reduced mitotic slippage and improved the tumor killing effects of anti-mitotic drugs ([@b31-ijo-43-05-1627]). PI3K is directly activated by loss of tumor suppressor PTEN or growth factor stimulation via the intracellular domain of a receptor tyrosine kinase. It may also be activated via stimulated GTPase RAS or by G-protein coupled receptors. In the present study, we found that nab-paclitaxel treatment increased phosphorylation of Akt, mTOR, p70 S6K and 4E-BP1, a mechanism that could enhance tumor cell-related resistance to nab-paclitaxel. Taxol treatment rapidly activates Akt signaling, while inhibition of taxol-induced PI3K/Akt signaling by the PI3K inhibitor Ly294002 decreases taxol-mediated survivin induction with a resulting enhancement of cell death ([@b28-ijo-43-05-1627]). In our study, the dual PI3K/mTOR inhibitor BEZ235 blocked nab-paclitaxel-induced Akt and mTOR and managed to increase antitumor response of nab-paclitaxel. Additive effects of BEZ235 combined with nab-paclitaxel were demonstrated for both local tumor control and mouse survival extension. These observations can enhance the current level of understanding of certain molecular events of nab-paclitaxel response and escape, with identification of a rationale for a novel combination therapy for gastric cancer.

In conclusion, the present study on gastric cancer cells demonstrates that nab-paclitaxel activated components of the PI3K/mTOR pathway and that the dual PI3K/mTOR inhibitor BEZ235 alone or in combination with nab-paclitaxel was able to downregulate these PI3K/mTOR signaling proteins and to enhance apoptosis. BEZ235 and nab-paclitaxel combination had additive effects in local tumor control and resulted in survival improvement. These findings support the rationale for PI3K/mTOR targeted therapy in combination with nabpaclitaxel for gastric cancer.

![Nab-paclitaxel increases phosphorylation of mTOR and 4E-BP1 in cultured gastric cancer cells *in vitro* and in gastric tumors *in vivo*. (A) SNU16 cells were treated with nab-paclitaxel (10 *μ*M) for 16 h and showed increased expression of p-mTOR and p-4E-BP1 by immunocytochemical staining. (B) Tumors from SNU16 xenografted mice treated with nab-paclitaxel for 2 weeks were collected on the last day of the experiment and analyzed for the expression of p-mTOR and p-4E-BP1 by immunostaining tissue sections. (C) A subconfluent monolayer of SNU16 cells was treated with nab-paclitaxel (10 *μ*M) for 3, 6 and 9 h and analyzed by immunoblotting for p-mTOR, total mTOR, p-4E-BP1 and total 4E-BP1. (D) The intensity of bands was quantitated by densitometry and is represented in the bar graph as fraction of the total protein expression, respectively. Data are representative of three independent experiments with similar results.](ijo-43-05-1627-g00){#f1-ijo-43-05-1627}

![Additive effects of BEZ235 and nab-paclitaxel on cell proliferation *in vitro*. Human gastric cancer cells SNU16, NCI-N87 and AGS were plated on 96-well plates and treated with BEZ235 (A), nab-paclitaxel (B) and a combination of the two at a fixed ratio (C). After 72 h, 10 *μ*l WST-1 reagent was added in each well and incubated for 2 additional hours. The absorbance at 450 nm was measured using a microplate reader. The resulting number of viable cells was calculated by measuring absorbance of color produced in each well. The antiproliferative effect was then assessed and median effect analysis (CalcuSyn software) was used to evaluate the combination effect. The combination index (CI) is plotted as a function of the fraction of cells affected by the cytotoxic effect. CI\>1.1 indicates antagonism, CI=0.9--1.1 indicates additivity and CI\<0.9 indicates synergism. Data are the mean ± SD of triplicate determinations.](ijo-43-05-1627-g01){#f2-ijo-43-05-1627}

![BEZ235 and nab-paclitaxel effects on the PI3K-mTOR signaling pathway and apoptosis-related proteins. Subconfluent monolayers of human gastric cancer cells SNU16, NCI-N87 and AGS were treated with PBS control (C), BEZ235 (10 *μ*M), nab-paclitaxel (10 *μ*M), or a combination for 16 h. Total cell extracts were analyzed by immunoblotting for p-Akt (Ser473), total Akt, p-mTOR (Ser2448), total mTOR, p-p70 S6K (Thr389), total p70 S6K, p-4E-BP1 (Thr37/46) and total 4E-BP1, cleaved PARP-1, cleaved caspase-3 and β-actin (loading control). Data are representative of two independent experiments with similar results.](ijo-43-05-1627-g02){#f3-ijo-43-05-1627}

![BEZ235 and nab-paclitaxel inhibit growth of established localized gastric tumor. SCID mice were subcutaneously injected with SNU16 cells (20×10^6^) and treated with BEZ235 and nab-paclitaxel for 2 weeks. (A) Relative tumor volume is calculated by dividing the tumor volume at any time by the tumor volume at the start of treatment. (B) Tumor volume was measured on the last day. Data are representative of mean values ± standard deviation from 6-8 mice per group. ^\*,\ \*\*,\ \*\*\*\*^Significant difference with p\<0.05, p\<0.01 and p\<0.0001 versus control, respectively; ^\^^significant differences (p\<0.05) compared with combination therapy group. (C) BEZ235 blocks PI3K/mTOR signaling proteins and induces apoptosis-related proteins. Tumor lysates were prepared from tumor tissue samples obtained from SNU16 tumor bearing mice and were analyzed by immunoblotting. Data are representative of two independent experiments with similar results.](ijo-43-05-1627-g03){#f4-ijo-43-05-1627}

![Effects of BEZ235 and nab-paclitaxel treatment on intratumoral proliferative and apoptotic activity. SCID mice were subcutaneously injected with SNU16 cells (20×10^6^) and treated with BEZ235 and nab-paclitaxel for 2 weeks. (A) Intratumoral proliferation was measured by immunostaining tissue sections with Ki67 nuclear antigen followed by fluorescence microscopy. Ki67-positive cells were counted in five high power fields per sample. Fold change in proliferative index was normalized compared to controls, with other samples being compared relative to this sample. (B) Intratumoral apoptosis was measured by staining tumor tissue section with the TUNEL procedure and subsequent fluorescence microscopy. The percentage of TUNEL-positive apoptotic cells was counted among five high power fields. For both immunostaining experiments, each group had at least three samples counted and the data are expressed as the mean ± standard deviation. ^\*,\ \*\*\*,\ \*\*\*\*^Significant difference compared to control group with p\<0.05, p\<0.001 and p\<0.0001, respectively; ^\^^significant differences (p\<0.05) compared with the combination therapy group.](ijo-43-05-1627-g04){#f5-ijo-43-05-1627}

![Effects of BEZ235 and nab-paclitaxel therapy on the overall survival of mice. SNU cells (40×10^6^) were injected intraperitoneally into SCID mice, followed after 2 weeks by treatment with BEZ235 (10 mg/kg, 2 times a week), nab-paclitaxel (10 mg/kg, 2 times a week) or a combination for a duration of 2 weeks. The curve represents the animal group survival time from the beginning of therapy. ^\*^Significant difference compared to control group (p\<0.05); ^\^^significant differences (p\<0.05) compared to the combination treatment group.](ijo-43-05-1627-g05){#f6-ijo-43-05-1627}
